Abstract-This paper describes the design and development of a unique, body-worn vitals monitor that is able to acquire ECG, blood oxygen, body temperature and up to eight custom designed electronic stethoscopes for highly synchronized heart and lung sound auscultation. The proposed platform is a key component required for developing a Field Accident and Emergency Center Intelligent Monitoring System to acquire vital patient information and optimize medical resource allocation in overwhelming environments. The proposed platform also has enabled the collection of a novel highly synchronized data-set that is useful for research purposes in the field of emergency vital sign analysis. The design is unique in that it is the only known wearable platform that, in addition to a multitude of standard vital signals, also wirelessly transmits eight multichannel auscultatory streams to central nodes, i.e. to a local ambulance or to the nearest hospital.
INTRODUCTION
A historical analysis of the data since 1900 indicates that the probability of occurrence and degree of severity of mass causality incidents (MCIs) have grown and shown a noticeable rise since 1985. [1] If this trend continues, recent emergency management systems will have to be expanded. "Especially climate related disasters affected 217 million people each year since 1990." [2] The summary of the data on complex, natural and technical disasters worldwide over the past four years gives a devastating picture. More than 400 thousand people have been killed and 676 million affected by such incidents and the total damage is estimated to be more than USD 790 billion. [3] When professional first responders arrive at a crisis scene, the initial activity is to perform triage, which is a stratification procedure for allocating limited medical resources in an emergency setting. The overall goal is to achieve the best solution for all involved, which implies that individual needs have lesser priority. [4] There is currently a worldwide trend to bring healthcare services as close as possible to the patient. [5] This may be described in many scenarios such as assistance to the doctor, first aider in an emergency setting or assistance to the patient at home. Other research in telemedicine addresses organizational aspects such as rising costs [6] , effective medical care in rural areas, [7] or innovative new approaches in multisensory body worn health monitoring systems for a triage situation. [4] Those generally provide a location-independent modality to continuously monitor a wide variety of vital signs without permanently involving human medical recourses.
In this paper we present a unique body worn monitoring system that collects and transmits wirelessly, ECG, pulse oximetry, temperature sensor and up to eight-channel auscultation of heart and lung sounds. Furthermore the system involves: (1) a generous computational performance for onboard parallel processing (Xilinx Spartan-6 FPGA); (2) high bandwidth and extended range Wi-Fi interface; (3) very high bandwidth USB interface; (4) multi-gigabyte microSD-card onboard storage; (5) high capacity lithium polymer battery pack; (6) generic interface for additional sensors, if required at a later time.
The main objective of this project is to help first responders gain real-time information of multiple casualties and thus enable fast and optimal resource assignment. It further emphasizes the design and development of a research platform for the continuous acquisition and analysis of human vital signs and transmission to a wider network.
In a thorough research on body worn health monitoring systems more than 24 commercial and academic systems were analyzed indicating that no system for use in an emergency setting involved highly synchronized multichannel auscultation. One prototype system for educational purposes involved single channel auscultation [8, 9, 10, 11, 12, 13] . The research indicates that, although stethoscopes are one of the oldest and most widely used tools of the medical profession, none of the analyzed systems are capable of collecting and transmitting such a broad synchronized data set.
II. SYSTEM
The Field Accident and Emergency Center Intelligent Monitoring System is organized according to a three-tier architecture as depicted in Fig. 1 . Layer 1 is located at the emergency site and involves as many body-worn Mobile Client Units (MCUs) as necessary to acquire and transmit the vital signs of all subjects involved. Layer 2 is located close to the emergency site and involves mobile nodes that collect, analyze and display the selected information to provide a bigger picture of the scenario, enabling optimum resource allocation at the accident site. Layer 3 is located in hospitals or sick bays and involves standard computers with internet access, where medical personnel can receive real-time information on incoming patients and thus can prepare for their treatment before the patient actually arrives.
MCUs each include a small baseboard and multiple wired sensors to record the patients' physiological conditions. They transmit preprocessed data to its dedicated Mobile Node using standard Wi-Fi interface technology. Mobile Nodes establish clusters by connecting nearby MCUs and, in turn, communicate with a Central Node using existing access options such as LAN, Wi-Fi or mobile phone networks. The Central Node (server) provides online services to emergency centers. This paper discusses design and development of the MCU and highlights several design aspects before characterizing its basic performance.
A. Acquisition Modalities
Based on the DIVI emergency case protocol [14] and the executed survey on mobile emergency monitoring systems the following top four acquisition modalities were chosen to provide the most suitable solution in an emergency setting: (1) ECG, (2) pulse oximetry, (3) body temperature and (4) multichannel auscultation. ECG is a robust, reliable, wellknown and powerful means to reflect the hearts physical condition and to identify a wide variety of malfunctions. Pulse oximetry adds oxygen saturation, thus it allows insight at the patient's oxygenation. Thermoregulation is part of a homeostatic mechanism and deviating values from standard range or quick changes such as sudden drops indicate an abnormal condition. Heart and lung sounds transport valuable information and reflect the physiological conditions, thus multichannel auscultation will provide an additional source for diagnoses, which may not be identified by an examination solely based on ECG, pulse oximetry, and temperature surveillance such as a pneumothorax or blocked airway.
ECG, pulse oximeter and temperature sensor are standard solutions with custom electrical and mechanical interface to the base board. The eight stethoscope circuits are custom designed to gain raw data information for optimal analysis precondition. Todays' stethoscopes in general define three modes for examination [15] depending on the application: (1) Bell mode from 20 Hz to 1 kHz with emphasis on 20 Hz to 200 Hz; (2) Diaphragm mode from 20 Hz to 2 kHz with emphasis on 100 Hz to 500 Hz; and (3) Extended range mode from 20 Hz to 2 kHz with emphasis on 50 Hz to 500 Hz. In conclusion frequency ranges from 20 Hz to 2 kHz. Various papers and books exist today describing the acoustic phenomena [13, 16, 17] and are in common with respect to the frequency range given by the stethoscopes.
In order to double up as a flexible first responder/ER research platform, the system provides general hardware interfaces (direct connection to FPGA pins with increased driver capabilities and supply pins) for various daughterboards that allow quick integration.
III. MOBILE CLIENT UNIT (MCU) HARDWARE
The MCU hardware as shown in Fig. 2 is designed to be comfortably worn by the patient, even though it is still a prototype device. Its round PCB that is 90 mm in diameter allows a smooth case design. All patient leads, that is, ECG leads, finger sensor, stethoscope leads and temperature sensor, are independently applied to maintain maximum flexibility. The concept of pluggable sensors allows the application of just required monitoring leads for the purpose. FPGA: The core of the MCU is a powerful Xilinx Spartan-6® XC6LX9 FPGA in a CSG324 package providing 200 GPIOs. The FPGA architecture suits the strong requirement of parallel processing of multiple input streams. The selected device is selected with a generous safety margin with regards to computing power, speed and pin count at the expense of power consumption, implementation space and complexity. Flash: In order to permanently store the configuration and basic application setup, a 128 Mbit flash memory device was chosen.
Memory: For raw-data recordings and off-line processing it is necessary to provide non-volatile multi gigabyte storage with a write cycle of about 4 MByte per second. Especially the eight acoustic channels recordings require significant storage capacities. MicroSD® card technology offers growing capacities at small form factor, is non-volatile and has sufficient write and read cycles. Analog Front End: Sound acquisition is realized using eight Knowles® SPM0408HE5H MEMSs microphones embedded in stethoscope heads. The MEMSs microphones are preamplified and have a sensitivity of -22 dB at 1 kHz. Current consumption is as low as 200 µA at a 4.7 mm by 3.7 mm form factor. A second stage low noise differential amplifier increases the input signal with a gain of 25, filters and relays the differential signals to the ADCs. ADC: Analog-to-digital conversion is done by two Analog Devices AD1974® four channel ADCs based on a multibit sigma-delta conversion architecture. Both ADCs are configured and synchronized by the FPGA for the lowest jitter. Each differential input is connected to an own acquisition channel and is sampled at 48 kHz with 24 bit. USB Interface: The implementation is based on Silicon Labs CP2102/9 [18] with micro USB-B plug. It provides charging capabilities with up to 1.6 A, when connected to an appropriate charger, and up to 500 mA, when connected to a USB 2.0 compliant charger, e.g. a computer port. The interface is ESD protected against 15 kV contact discharge and 25 kV air discharge. Maximum data rate is 1 Mbps. The interface is used for configuration and debugging commands. ECG daughterboard: EMB3/6® by Corscience GmbH is a complete technological basis for a 3/6-channel ECG. The board is especially designed for use in mobile devices and optimized with regard to size and current consumption. The small form factor and its low power consumption come at the expense of 6 instead of 12 leads acquisition. [19] Though it has a reduced function set, the physical condition of the heart relevant in an emergency situation can sufficiently be observed. Pulse Oximeter daughterboard: ChipOx® by Corscience GmbH is an ultra-low power pulse oximeter module particularly suitable for battery-operated devices, mobile applications and multi-parameter monitors. It provides remarkable features for research purposes such as raw plethysmogram, signal and error reporting and offers a wide range of sensor types, that is, finger clip, ear clip, arm wrap and self-adhesive chest pad sensor. [20] Wi-Fi daughterboard: SN8200 by muRata is a stand-alone low power embedded Wi-Fi solution providing 2.4 GHz IEEE 802.11 b/g/n radio technologies, modern encryption such as WPA2, has a built-in TCP/IP stack, and an onboard web server. It has a small form factor, consumes 280 mA at 100 % duty cycle (n-mode) and interfaces the Spartan-6® FPGA via SPI. [21] The module is not directly mounted on-board to reduce induced noise to the analog part of the circuit as much as possible. Off-the-shelf OEM modules for ECG, pulse oximetry and wireless communication reduced implementation efforts and design risk. In case a module's performance is not fulfilling the requirements, any daughterboard may be replaced without substantial changes in hardware due to the strict separation and generalized pinning approach. Additionally, all acoustic patient leads are pluggable for optimized application in various setups. Different stethoscope heads (bell mode; diaphragm mode; extended range mode) can be selected according to intended examination.
IV. CHARACTERIZATION
The proposed MCU enables mobile concurrent examination with ECG, pulse oximeter, body temperature sensor and multichannel auscultation and provides first display capabilities as shown in Fig. 4 . All eight analog channels show comparable characteristics regarding frequency response, noise level, and intra-/interchannel delay within the range of 2 Hz to 5 kHz. First and second heart sounds as well as breathing sounds are clearly identifiable by audible inspection and comparable in quality to the performance of standard stethoscopes. This statement is based on a test with three practitioners, though it remains subjective. The recordings were performed in a quiet but not soundless environment. Some ambient noise was present. The current implementation is based on a fixed gain, with high dynamic range (24 bits) and optimized on the acoustic phenomena of interest. This focused approach increases robustness and reduces complexity at the expense of clipping in the case of stronger acoustic stimulation or noise such as coughing, moving or speaking. ECG data was simultaneously recorded with this system and a reference system. Both recordings were imported to MATLAB®. The correlation was calculated using the function "corrcoef" and resulted in a high correlation of 0.94. The average power consumption during normal operation was 25 mW. Blood oxygenation was simultaneously recorded with this system and a reference system. Both used a finger sensor (index and middle finger of the same hand). The reference system did not provide raw data export, thus the comparison was accomplished with video logs and manual analysis. Heart rate and blood oxygenation level deviated up to 2bpm and 3% respectively, what is within the tolerance of the devices. The average power consumption during normal operation was 49 mW. The temperature sensor was applied with a self-adhesive pad under the left armpit and measured once a second. Its accuracy is 0.6° Celsius within the range of -10° Celsius to 90° Celsius and deviated +0.5/-0.3 to measurements from a calibrated infrared thermometer in the tested range. Power consumption was 0.26 mW during normal operation. Raw data of simultaneously acquired ECG, blood oxygenation, body temperature and single channel auscultation was streamed to a MATLAB® host application via USB interface in 1 sec. to 180 sec. periods in real-time without connection loss or data corruption. The total power consumption of the system strongly varies on the use case. Recent implementation does not yet involve any powers saving mechanisms. Measurements under normal use, that is ECG, pulse oximeter, temperature measurement, eightchannel acquisition, maximum computation and tethered high volume raw data transmission resulted in 494 mW. Wi-Fi® transmission and storage on microSD® card have not been involved in the experiment. According to related datasheets mentioned modules would add approximately 425 mW [21, 22] at 50% duty-cycle.
V. CONCLUSION
The first step towards an accident and emergency center intelligent monitoring system to acquire vital patient information and optimize medical resource allocation is accomplished. The custom-designed human wearable MCU is the first device to provide highly synchronized vital signs acquisition modalities involving eight truly parallel channels for heart and lung sounds auscultation. The new and unique set of continuously acquired data opens up new ways of analysis by taking advantage of the time correlation between different vital signs. As comparable systems are not known to date this project introduces a new interdisciplinary research platform. It both enables research based on synchronously acquired human vital signs and helps to evolve new modalities in embedded real-time emergency monitoring. It may also provide an added value in remote-diagnosing injuries such as a pneumothorax or blocked airways solely based on medical equipment. Finally, if the MCU is set into medical context (e.g. diagnosing), it brings health care closer to the patient.
